Neuronal gene transcription through epigenetic modifications plays an important role in the etiology of intellectual disability (ID) and autism spectrum disorders (ASD). Haploinsufficiency of the Euchromatin Histone Methyltransferase 1 (EHMT1) gene causes Kleefstra syndrome, a neurodevelopmental disorder with the clinical features of both ID and ASD. Interestingly, patients with loss-of-function mutations in the functionally distinct epigenetic regulators MBD5, MLL3 or SMARCB1 also share the same core features, referred to as the Kleefstra syndrome spectrum (KSS).
Introduction
Neurodevelopmental disorders (NDDs), including intellectual disability (ID) and autism spectrum disorder (ASD), are genetically and phenotypically heterogeneous. Despite the identification of Mendelian mutations in more than 800 genes that give rise to some type of NDD 1 , our understanding of the key molecular players and mechanisms is still fragmented and needs conceptual advances.
Furthermore, how mutations and DNA variants in distinct genes can, in some cases, lead to similar clinical phenotypes, is poorly understood 2, 3 . Recent studies have proposed that the genetic heterogeneity among NDDs is buffered at the level of molecular pathways where the effects of many different DNA variants converge [4] [5] [6] . However, we still have to resolve the exact nature of such converging pathways and how disruptions thereof give rise to commonality in terms of brain dysfunction and pathology.
In recent years, evidence has accumulated that synaptic processes and neuronal gene transcription through epigenetic modification of chromatin structure plays an important role in both normal cognitive processes and the etiology of NDDs 3, 7 . Kleefstra syndrome (OMIM#610253) is an example of a rare NDD comprising ID, ASD, hypotonia and dysmorphic features as major hallmark phenotypes [8] [9] [10] . The canonical disease is caused by de novo loss-of-function mutations in the gene EHMT1 (Euchromatin Histone Lysine Methyltransferase 1, also known as GLP) 8 . Interestingly,
Results

Knockdown of KSS genes leads to hyperactive neuronal network activity during development
We investigated whether the loss of function of individual KSS genes (Ehmt1, Smarcb1, Mll3 or Mbd5) leads to neuronal circuitry impairments in vitro. NR1I3 was not included since we found it not to be expressed in primary rat cortical neurons (data not shown). To compare neuronal networks during development, we used rat cortical cultures in which Ehmt1, Smarcb1, Mll3 or Mbd5 were downregulated through RNA interference. Cultures were infected at day in vitro (DIV) 2 with lentiviruses expressing previously validated short hairpin RNAs (shRNAs) targeting Ehmt1 25 or newly designed shRNAs targeting Smarcb1, Mll3 or Mbd5. Two independent shRNAs per gene were selected that reduced the respective expression levels by at least 50% (see 25 and Supplementary When bursts appear simultaneously in most of the channels (defined as 80% of the active channels), they form a synchronous event, called a network burst (green box, Supplementary Figure S1b) .
Typically, the pattern of activity in control neuronal networks develop following a stereotyped pattern (Supplementary Figure S1c ) 33, 26 . We found that early in development (i.e. DIV 10) neuronal networks displayed spontaneous electrophysiological activity comprised of random spikes and bursts. During the second week in vitro network bursts appeared, indicating that neurons start to functionally organize into a network. During development, the overall firing and network burst activity increased together with a reduction of the random spiking activity (Supplementary Figure   S1d -f). Furthermore, the neuronal network synchronous activity developed from a stochastic towards a typical regular pattern. During the third week in vitro, the firing and network burst frequency plateaued and from this point on, the neuronal network activity remained stable. This stable state of activity indicates a functionally "mature" neuronal network.
To investigate whether KSS genes share a similar function during neuronal network formation and hence show common alterations at the neuronal network level when knocked down, we examined the electrophysiological activity of KSS gene-deficient networks and compared them to control cultures at DIV 10 ("immature state") and DIV 20 ("mature state") (see raster plots in Figure 1a 1 -d 1 ).
We show that EHMT1-, SMARCB1-and MLL3-deficient neuronal networks were phenotypically similar during development. At DIV 10, these networks exhibited a higher level of random spiking activity, whereas the spike and network burst rates were similar compared to controls ( Figure 1a 2 -a 4 , b 2 -b 4 , c 2 -c 4 ). As the networks matured, the activity of EHMT1-, SMARCB1-and MLL3-deficient networks strongly increased. At DIV 20 these networks exhibited a higher level of activity (i.e. firing rate and/or network burst rate) compared to controls, indicating that the mature networks were in a hyperactive state (Figure 1a 5 , a 7 , b 5 , b 7 , c 5 , c 7 , Supplementary Table 1) .
Although MBD5-deficient networks were also hyperactive, their developmental trajectory differed from the other KSS genes. At DIV 10, MBD5-deficient networks already showed an increase in overall activity expressed as mean firing rate (MFR, Figure 1d 2 ), albeit with immature characteristics (i.e. more random spikes, Figure 1d 3 ). The level of synchronous activity exhibited by controls and MBD5-deficient networks were similar at DIV 10 ( Figure 1d 4 ) . Interestingly, whereas control neuronal networks increased their firing rate during development, MBD5-deficient neuronal networks did not.
In fact, at DIV 20, MBD5-deficient networks exhibited less overall activity compared to controls (MFR, . This indicates that MBD5-deficient networks, although more active early in development, failed to organize properly by DIV 20.
Overall, we found prominent differences in the activity patterns exhibited by KSS gene-deficient neuronal networks compared to controls. Furthermore, our data indicate that shRNA-mediated knockdown of the KSS genes results in hyperactivity during development. This is particularly evident for EHMT1-, SMARCB1-and MLL3-deficient networks (Supplementary Figure S2c) and may suggest that a common pathophysiological mechanism leads to a global increase in neuronal excitability. The network phenotypes were all recapitulated with a second independent shRNA targeting each gene, indicating specificity (Supplementary Figure S1g, h ).
KSS gene deficiency alters neuronal network burst activity
Since our results showed that KSS gene-deficiency leads to network hyperactivity we next investigated if the typical pattern of network burst activity was also affected by studying network burst duration (NBD), network inter burst interval (NIBI) and network burst regularity. Whereas most of the network bursts (90.0%) in control neuronal networks lasted 200-600 ms (Figure 2a , f) we found that in KSS-deficient neuronal networks NBDs were differently distributed (Figure 2a-j) . In particular, EHMT1-deficient networks showed NBDs longer than controls (48.2% of NBDs >600 ms, Figure 2g ). SMARCB1-deficient networks exhibited NBDs both longer and shorter than controls (15.5% of NBDs >600 ms and 31.9% of NBDs <200 ms), indicated by multiple peaks in the distribution (Figure 2h ). The NBDs distribution of MLL3-and MBD5-deficient networks was shifted to shorter durations compared to controls, indicated by the percentages of NBDs shorter than 600 ms (91.3%, 99.7% and 91.9% for control, MLL3-and MBD5-deficient networks, respectively; see distribution plot in Figure 2f , i, j).
Then, we studied how each KSS gene knockdown affected the NIBI. The majority (90.1%) of NIBIs in control neuronal networks occurred within a range of 5-20 s (Figure 2k ). In contrast, we observed that KSS genes-deficient networks showed NIBIs shorter than controls (55.3%, 41.9%, 59.9% and 45.9% of NIBIs <5 s for EHMT1-, SMARCB1-, MLL3-and MBD5-deficient networks respectively; Figure   2l -o).
Finally, we investigated whether KSS genes knockdown affected the typical regular network burst pattern exhibited by control neuronal networks. To determine the regularity, we computed the coefficient of variation of the NIBIs. We found that all KSS-genes deficient networks, except MLL3, exhibited an irregular network burst pattern, as indicated by the higher coefficient of variation of the NIBIs compared to controls (Figure 2p ).
In summary, our data indicate that KSS gene-deficient neuronal networks become hyperactive during development and showed impairments in the pattern of network burst activity late in development.
EHMT2-deficient networks show a different phenotype compared to KSS gene-deficient networks
EHMT2 is a paralogue of EHMT1, but has not been associated with KSS or any other neurodevelopmental disorder. To investigate whether the network phenotypes are specific to KSS gene deficiency, we knocked down Ehmt2 using validated shRNAs 25 in developing neuronal cultures.
In contrast to KSS gene-deficient networks, EHMT2-deficient neuronal networks exhibited significantly lower mean firing rates both at DIV10 and DIV20 (Supplementary Figure S2) . This further confirms our previous observations that loss of EHMT1 or EHMT2 in neurons can generate distinct phenotypes 23, 25 .
Deficiency of KSS genes leads to increased neuronal excitability
The increased neuronal network activity we found at DIV 20 might be caused by altered intrinsic neuronal parameters resulting in hyperexcitability of the individual neurons and/or changes in extrinsic parameters related to synaptic signaling. Supporting this notion, intrinsic parameters linked to neuronal excitability have recently been shown to be regulated, at least in part, by epigenetic modifications via DNA methylation 34 . Using whole-cell patch-clamp recordings of individual neurons at DIV 20, we measured intrinsic passive and active electrophysiological properties (Figure 3a -f, Supplementary Table 2 ).
In EHMT1-deficient neurons we found a hyperpolarizing shift of the action potential (AP) threshold combined with unaltered resting membrane potentials (V rmp ) (Figure 3b,d ). At standard holding potentials (-60 mV) however these changes did not result in a reduction in the AP firing rheobase (Figure 3a ,e), since the EHMT1-deficient neurons also showed lower membrane input resistances (R in , Figure 3c ).
Similar to EHMT1 knockdown, SMARCB1-and MLL3-deficient neurons both showed a hyperpolarizing shift of the AP threshold at unaltered (MLL3) or depolarized V rmp (SMARCB1) (Figure 3b,d ). In addition, SMARCB1-deficient neurons showed an unchanged R in and MLL3-deficient neurons showed an increased R in (Figure 3c ). These alterations may underlie our finding that both of these KSS-gene deficiencies share a reduced AP firing rheobase (Figure 3a ,e), which supports increased neuronal excitability.
Neurons in MBD5-deficient networks were the only ones that showed no change in the AP threshold Table 2 ). Whereas APs generated by EHMT1-deficient neurons showed no significant changes in their AP waveform, SMARCB1-and MLL3-deficient neurons both showed broader APs, mediated by a slower rising phase (i.e. rise-time, MLL3-deficient neurons only) and/or slower repolarisation phase (i.e. decay time, SMARCB1-and MLL3-deficient neurons).
Contrasting these, APs in MBD5-deficient neurons were significantly shorter, due to a faster repolarisation phase.
Taken together these results indicate that alterations in intrinsic passive and active properties in KSSgene deficient neuronal networks is genotype specific, but as a whole imply different levels of increased neuronal excitability.
KSS-deficiency leads to altered excitatory and inhibitory synaptic inputs
In addition to increased intrinsic excitability, the hyperactivity observed in KSS gene-deficient networks could also be explained by a change in excitatory/inhibitory (E/I) balance. To investigate this, we measured synaptic properties in our cultures, with and without KSS gene knockdown. We first measured miniature inhibitory postsynaptic currents (mIPSCs) in EHMT1-deficient networks at DIV 20 (Supplementary Figure S3) . We found a significant reduction in mIPSC frequency, but not in mIPSC amplitude, when compared to control cultures. We previously showed that knockdown of EHMT1 did not affect miniature excitatory postsynaptic current (mEPSC) frequency or amplitude in rat neuronal networks 25 . Therefore, our combined results suggest that that the E/I balance is shifted in favor of excitation due to reduced inhibitory synaptic input.
Because mIPSC frequency is known to correlate with the number of synapses and release probability of a neuron, we counted the number of synapses in both control and KSS gene-deficient neuronal networks (Figure 3g, h ). First, we quantified the number of inhibitory synapses on individual dendrites by counting the number of colocalizing presynaptic vesicular GABA transporter (VGAT) and postsynaptic Gephyrin puncta. We found a significant reduction in the number of inhibitory synapses for all KSS genes when compared to control cultures (Figure 3g , h). Thus, KSS gene deficiency likely has a strong effect on the formation and/or maintenance of inhibitory synapses. Next we quantified excitatory synapses, by counting the number of presynaptic vesicular glutamate transporter (VGLUT) and the postsynaptic density-95 protein (PSD95) puncta colocalizing. We found a significant reduction in the number of excitatory synapses in SMARCB1-, MLL3-and MBD5-deficient neuronal networks, but we found no changes in the EHMT1-deficient networks (Figure 3g , h), in line with our previous reports 25, 26 .
In summary, we show that in EHMT1-deficient networks the E/I balance is strongly shifted to increased excitation due to reduced inhibitory synaptic input. SMARCB1-, MLL3-and MBD5-deficient cultures, showed a reduction in inhibitory input, which was also accompanied with a reduction in excitatory input.
KSS deficiency causes deregulation of genes controlling neuronal and synaptic processes
Next, we investigated the molecular changes that could underlie the hyperactivity that we observed Table 5 ), which is a constellation of symptoms seen in KSS.
Taken together, these data show that KSS target genes share similar functions in regulating neuronal structures and activity, with a prominent enrichment for genes that directly affect neuronal excitability (e.g. potassium and sodium channels) and synaptic function, including several GABA and were altered converged on biological pathways related to potassium channels and synaptic communication.
KSS gene-deficient networks share a common mode of failure
Previously we showed that EHMT1 deficiency transiently delays the appearance of spontaneous network activity, eventually resulting in an irregular network bursting pattern 26 . Here, we show that following excessive random spiking activity in immature cultures, the irregular network burst pattern is generally accompanied by a more frequent network burst rate (i.e. network hyperactivity) in mature EHMT1-deficient networks. Interestingly, the network phenotypes after loss of the other KSS genes showed striking similarities. Knocking down SMARCB1, MLL3 or MBD5 also resulted in an irregular network burst pattern and/or hyperactivity. Our results therefore imply that the KSS genedeficient networks share a common mode of failure when establishing network communication Figure S2c) . Of note, this implied common mode of failure was reflected in different compositions of altered parameters of network activity in a genotype specific manner. For example, hyperactivity was observed as an increase in both firing and network burst rate in EHMT1-and SMARCB1-deficient neuronal networks, while only one of the two parameters was altered in MLL3-(i.e. network burst rate) and MBD5-(i.e. firing rate) deficient neuronal networks. The developmental trajectory for MBD5-deficient networks was representative for the genotype specific differences too.
While the other knockdowns showed hyperactivity late in development, MBD5-deficient networks were excessively active at an early, immature stage (DIV10). The functional convergence we observed at the neuronal network level is in line with a recent study in Drosophila showing similar deficits in short-term memory between flies lacking EHMT1 and MLL3 in mushroom bodies 27 .
In general, hyperactivity in networks can be mediated by two major factors: a) changes in synaptic signaling between neurons resulting in altered E/I-balance; and b) changes in intrinsic electrophysiological properties of the neurons within the networks resulting e.g. in hyperexcitability 38 . At the single cell level, we found in SMARCB1-, MLL3-and MBD5-deficient cultures a strong reduction in both excitatory and inhibitory synaptic inputs. The reduction (~50%)
was similar for excitatory and inhibitory synapses, suggesting that the E/I balance was not changed by those knockdowns. EHMT1-deficient cultures, however, showed a strong decrement in inhibitory synaptic input, without excitatory synaptic input being affected. This was the case both in vitro as well as in the Ehmt1 +/-mice. Indeed, we found mIPSC amplitude to be decreased at all investigated time points in the Ehmt1 +/-mice, whereas the mIPSC frequency was strongly reduced at P21. This effect on frequency can be explained by fewer inhibitory synapses and by a reduced release probability of inhibitory synapses following stimulation in stratum radiatum, but not stratum oriens.
The specific effect of loss of Ehmt1 on inhibition is relevant because imbalanced E/I is associated with ASD in humans and rodent models 39, [40] [41] [42] . In particular, a loss in the efficiency of inhibitory synaptic strength has been observed in many NDDs, including Rett syndrome and Fragile X syndrome 43, 44, [45] [46] [47] .
The changes in excitatiory and inhibitory inputs observed in KSS gene-deficient neurons imply alterations in proteins directly or indirectly linked to synapse function. In line with this concept, for all KSS gene knockdowns we found a multitude of DE genes linked to both glutamatergic and GABAergic synaptic transmission, including up-and downregulation of glutamate and GABA receptors, adhesion molecules and postsynaptic density proteins. Presumably, multiple genes are responsible for the observed functional changes and, at the same time, a portion of the underlying transcriptional changes could be subtractive or antagonistic in nature, resulting in limited functional consequences for synaptic transmission. Further studies would be required to identify direct versus indirect targets, for example through the identification of the underlying epigenetic changes.
In addition to the shift in E/I balance that we found in EHMT1-deficient neurons, neuronal hyperexcitability could contribute to increased and/or irregular network burst activity in KSS genedeficient networks 38 . Enhanced neuronal excitability can be mediated by single or combinations of passive as well as active intrinsic properties. These properties encompass increased membrane input resistance or a hyperpolarized shift in the threshold for generating action potentials, particularly in combination with a depolarized membrane potential. Indeed, at the single cell level across all four investigated KSS genes we found changes in the intrinsic neuronal properties that imply increased excitability. However, the increased excitability in KSS-deficient neurons was genotype specific, both in terms of contributing properties and extent of increase (i.e. mild for EHMT1-and MBD5-deficient networks and more pronounced for SMARCB1-and MLL3-deficient ones). Furthermore, we found robust genotype specific alterations in the action potential kinetics, ranging from relatively slow shown to increase somatodendritic excitability and action potential kinetics 48, 49, 50 . Furthermore, dysregulation or dysfunction in several classes of K v and Na v channels, including those mentioned above, have been found to be associated with NDDs 51 , epilepsy and ASD 52 . Strikingly, in all KSS genedeficient networks we found altered regulation of a battery of genes coding for different types of ion channels, including several classes of K v and Na v channels. However, the diversity and similarities in the intrinsic electrophysiological parameters is also reflected by changes in gene expression. Neurons haploinsufficient for the repressive regulator EHMT1 almost exclusively show upregulation of genes coding for K v and Na v channels, whereas neurons deficient for SMARCB1 and MLL3 consistently show downregulation in these genes. The opposing up and down-regulation of genes for ion channels illustrates that the detected hyperexcitability is likely to be the combined consequence of complex changes in ion channel composition that can either be dominated more by increased Na v channel expression (EHMT1), more by reduced K v channel expression (SMARCB1 and MLL3) or by a complex combination of both (MBD5).
Molecular convergence in KSS
An intriguing finding that we uncovered by comparing RNA-Seq of each knockdown is a set of 34 commonly dysregulated transcripts. The list comprises genes that are associated with cognitive disorders, epilepsy or ASD, and most code for proteins involved in synaptic function or ion channels (see Supplementary Table 5 ). Interestingly, four of these genes have been identified as hub genes in co-expression networks analyzed from the cortical tissue of ASD patients: Scamp5, Slc12a5, SynJ1
and Unc13a 4, 53, 54 . Another transcript, Adcy1, which is strongly upregulated by Ehmt1 knockdown was recently found to be upregulated in Fmr1 KO mice, a model of Fragile X syndrome, and specifically reducing Adcy1 expression ameliorated the autistic behaviors 55 . Apc is a negative regulator of the canonical Wnt/β-catenin signaling pathway and its expression is also significantly altered by all KSS gene knockdowns. One study showed that conditional knockout of Apc in forebrain neurons causes autistic-like features in mice 56 .
The majority of genes in the list are upregulated after Ehmt1 knockdown but downregulated by Smarcb1, Mll3 or Mbd5 loss of function. Accordingly, EHMT1 enzymatic activity generally represses transcription while SMARCB1 and MLL3, and according to our data MBD5, function as activators. The divergent effects on mRNA expression may explain some phenotypic differences we observed. There are four transcripts upregulated by Ehmt1 knockdown that are directly involved in high-frequency neuronal activity: the protein products of Scamp5 and Unc13a (aka, Munc13-1) maintain high rates of vesicular endo-and exocytosis 57, 58 , while Scn8a codes for the sodium channel Na V 1.6, whose channel properties support high firing rates 59 . Finally, Grin1 is an interesting transcript since enhancing NMDAR activity has been directly implicated in lengthening burst duration 38 . We speculate that manipulating only these genes in control neurons may recapitulate the burst pattern or conversely restore the phenotype observed in EHMT1-deficient networks.
The 34 overlapping genes may be inexorably linked (representing a neuronal co-expression module)
and at least some may be direct, common targets of the pathogenic epigenetic modulators found in KSS. It would therefore be useful to decipher the epigenetic marks that control expression, especially since it is not clear which transcriptional changes are causal versus those that are collateral.
Importantly, our data suggest that the molecular pathophysiological mechanism underlying KSS may not depend on whether the parallel transcriptional changes are a gain or loss. Instead, the implication is that a dysfunction in dynamic transcriptional regulation during development leads to disease and consequently hinders proper neuronal specialization or cortical patterning, as has been suggested to occur in autism 4 .
The clinical phenotypes of neurodevelopmental disorders are currently thought to be the result of neuronal network dysfunction that has its origin in factors altering network activity during early brain development. In this study we show that KSS genes mainly converge at the network level. Underlying this functional convergence, we found that common biological pathways affected which related to common ion-channel expression and synaptic communication, albeit we clearly observed distinct patterns of deregulation for each of the KSS genes. As neuronal network behavior and organization are defined by its molecular and functional history, our measurements in neuronal cultures provide a powerful tool to investigate not only the pathophysiological mechanisms underlying KSS, but also those of NDDs and other neurological disorders. CCGGAAATGGTTCTGTAAAGAGT, Mbd5 hp#2: CTGAAGGACACAGCACTTTAAAC. Empty vector expressing GFP only was used as control vector. Lentiviral particles were prepared, concentrated, and tittered as described previously 60 . In brief, lentiviruses were generated by co-transfecting the transfer vector, the psPAX2 packaging vector (Addgene #12259), and the VSVG envelope glycoprotein vector pMD2-G (Addgene plasmid #12259) into HEK293T cells, using calcium phosphate precipitation. Supernatants of culture media were collected 48-h after transfection and filtered through a 0.45 µm syringe filter. Viral particles were then stored at -80˚C until use. Efficiency of shRNA was assessed by qPCR and or western blot in case of EHMT1 and EHMT2 25 . Cortical neurons were plated in a 6 well and infected at DIV 2, cell lysed and RNA extracted at DIV21.
Material and methods
RNA interference
Reverse transcription quantitative polymerase chain reaction
RNA was extracted using the NucleoSpin® RNA kit (Macherey-Nagel cat. no. 740955.50) according to the manufacturer's protocol. Reverse transcription was performed using iScript™ cDNA Synthesis Kit (Biorad cat.no. 1708891). qPCR and melting curve analyses were performed using GoTaq® qPCR Master Mix (Promega A600) on a 7500 Real-Time PCR System (Life Technologies). The primers used for qPCR are listed in Supplementary Table 7 .
Primary neuronal cell culture
One day before plating, glass coverslips (14 mm; Menzel GmbH) treated with 65% nitric acid (SigmaAldrich) were coated with 0.0125% polyethyleminine (PEI; Sigma-Aldrich, Cat.No. XXXX) overnight.
On the day of plating, MEAs were coated with 100 µL poly-D-lysine solution (Sigma-Aldrich, Cat.No.
P7280; 100 µg/ml in 50 mM borate buffer, pH 8.5) placed directly over the array in a drop for 3 hr at 37˚C in a humidified cell culture incubator. Then, MEAs were washed 3X with sterile water and air dried in a laminar flow hood. Briefly, each pregnant Wistar rat was deeply anesthetized using isoflurane (Pharmachemie B.V. Haarlem, Cat.No. 45112106) and sacrificed by cervical dislocation.
Embryos (E18) were quickly and aseptically removed by caesarean section. Whole brains were removed from 2 embryos, the meninges were stripped away, and the cerebral cortices were min, the medium was aspirated, and the cell pellet was gently resuspended using a pipettor with 1-ml tip and 800 µl seeding medium. The suspension was then diluted to 10 ml with seeding medium and mixed thoroughly before counting. Viable cells were counted using a hemacytometer and trypan blue exclusion. Our method consistently provided 2 -3 x10 6 cells/ml and >95% viability at the time of plating. Dissociated cells were plated on the PEI-coated glass coverslips at a final density of 1200 cells/mm 2 . For the MEAs, cells were carefully seeded onto the center of the array in a 50 µl droplet at a concentration of 1200 cells/µl. After settling for 3 hr in an incubator, 450 µL prewarmed seeding medium was slowly added to the well, followed by 500 µL culture medium (i.e. seeding medium without serum). At DIV2, cells were transduced with a lentivirus expressing GFP or an shRNA targeting the mRNA of interest. Non-infected and GFP-only infected cells were used as controls. Since we did not observe differences between these conditions, results from both were pooled together.
Beginning at DIV3, and every 2 days thereafter, half the medium was removed and replenished with freshly-prepared, prewarmed culture medium.
RNA-Seq
RNA-Seq using total RNA was executed as described in 62 . In summary, 500 ng of total RNA was used to obtain double-stranded cDNA (ds-cDNA) that was subsequently purified with MinElute Reaction
Cleanup Kit (Qiagen #28206). For the library construction, the KAPA Hyper Prep Kit (Kapa Biosystems #KK8504) standard protocol with a modification of a 15-minute USER enzyme (Biolab # M5505L)
incubation step for the library amplification and 3ng ds-cDNA as the starting material were used. The library quantification was performed with the KAPA Library Quantification Kit (Kapa Biosystems #KK4844) followed by pair-ended sequencing with NextSeq500 (Ilumina).
RNA-Seq data analysis
Reads were aligned using the STAR version 2.5.2b 63 to the RNOR 6.0.88 Rat Genome. UCSC genome browser tracks were obtained by generating bigwig files (using wigToBigWig) and uploading them to the UCSC genome browser 64 
MEA recordings
The neuronal network activity was recorded for 30 min by means of micro-electrode Arrays (MEAs), arranged over an 8x8 square grid (except the four electrodes at the corners), supplied by Multi
Channel Systems (MCS, Reutlingen, Germany). In addition, we used the 6-wells MEAs (6 independent wells, each one with 9 recording and 1 reference embedded electrodes) to perform virus dose responses experiments. After 1200x amplification (MEA 1060, MCS), signals were sampled at 10 kHz using the MCS data acquisition card. Recordings were performed outside the incubator at temperature of 37°C and to prevent evaporation and changes of the pH medium, a constant slow flow of humidified gas (5% CO 2 , 20% O 2 , 75% N 2 ) was inflated onto the MEA.
MEA data analysis
Data analysis was performed offline using a custom software package named SpyCode 16 developed in MATLAB © (The Mathworks, Natick, MA, USA). Spike detection. Spike were detected by using the Precise Timing Spike Detection algorithm (PTSD) 17 . Briefly, spike trains were built using three parameters: (1) a differential threshold set to 8 times the standard deviation of the baseline noise independently for each channel; (2) a peak lifetime period (set at 2 ms); (3) a refractory period (set at 1 ms). Burst detection. Burst were detected using a Burst Detection algorithm 18 . The algorithm is based on the computation of the logarithmic inter-spike interval histogram in which inter-burst activity (i.e. between bursts and/or outside bursts) and intra-burst activity (i.e. within burst) for each recording channel can be easily identified, and then, a threshold for detecting spikes belonging to the same burst is automatically defined. From the spike and burst detection, the number of active channels (above threshold 0.1 spikes/sec) and the number of bursting channels (above threshold 0.4 burst/min and at least 5 spikes in burst with a minimal inter-spike-interval of 100 milliseconds) were determined. Furthermore, the mean firing rate (MFR) of the network was obtained by computing the firing rate of each channel averaged among all the active electrodes of the MEA. Network burst detection. Synchronous event were detected looking for sequences of closely-spaced single-channels bursts. A network burst is identified if it involves at least the 80% of the network active channels. The distributions of the network burst duration (NBD, s) and Network Inter Burst Interval (NIBI, interval between two consecutive network burst, s) were computed using bins of 10 ms and 1 s respectively.
Network burst irregularity. Irregularity was estimated by computing the coefficient of variation (CV)
of the network inter burst intervals (NIBI), which is the standard deviation divided by the mean of the NIBI.
Whole patch clamp recordings in neuronal cultures
Experiments Intrinsic properties were analyzed as follows: Resting membrane potential was recorded directly after break in. All other properties were recorded at a holding potential of -60 mV. Input resistance was calculated from 6 responses to increasing negative current injections (5 pA per step) 66 . Rise and decay time were calculated at 20%-80%/80%-20% of the amplitude, respectively. The adaptation ratio was calculated as the 8th/3rd inter-spike interval. Miniature recordings were analyzed using Mini Analysis Program (Synaptosoft, Decatur, GA, USA). Other traces were analyzed using Clampfit 10.2. All drugs were purchased from Tocris (Abingdon, United Kingdom).
Animals
For the experiments presented in this study, mice heterozygous for a targeted loss-of-function mutation in the Ehmt1 gene (Ehmt1+/− mice) and their WT littermates on C57BL/6 background were used, as previously described 20 . Animal experiments were conducted in conformity with the Animal 
